INTRODUCTION
Genome-wide association studies (GWASs) have emerged as a powerful non-biased technique for identifying pathways related to human diseases with complex genetic architecture. Understanding such complex diseases requires a broad understanding of the relevant functional nodes regulating disease-relevant pathways. Genes do not function in isolation, and it is clear that both gene-gene and gene-environment interactions contribute to disease susceptibility (Barreiro et al., 2012; Cadwell et al., 2010; Silver et al., 2013) . More than 140 genetic risk loci have been identified for Crohn's disease, a chronic inflammatory condition affecting the gastrointestinal tract (Franke et al., 2010; Jostins et al., 2012) . These studies have highlighted the contribution of multiple immune and cellular pathways to Crohn's disease pathogenesis, particularly those involved in microbial defense (Jostins et al., 2012; Lassen et al., 2014; Murthy et al., 2014; Sadaghian Sadabad et al., 2014) .
ATG16L1 (autophagy-related protein 16-like 1) is a component of the core autophagy machinery, and the ATG16L1 T300A polymorphism confers a modestly increased susceptibility to Crohn's disease despite its relatively high prevalence in the population (Franke et al., 2010) . Autophagy is a pro-survival intracellular degradation pathway that functions as a key mediator of a number of processes including central metabolism, cell signaling, cell death, and carcinogenesis, as well as both innate and adaptive immunity (Deretic et al., 2013; Yang and Klionsky, 2010) . The ATG16L1 T300A polymorphism has been associated with both impaired antibacterial autophagy and altered production of cytokines by peripheral blood mononuclear cells (PBMCs) in response to immune stimuli (Lassen et al., 2014; Plantinga et al., 2011) . Recent studies have demonstrated that the mechanism underlying these alterations is linked to increased susceptibility of ATG16L1 T300A to caspase-mediated cleavage and thus lower levels of functional ATG16L1 (Lassen et al., 2014; Murthy et al., 2014) .
The autophagy pathway is important for defense against a number of intracellular pathogens and pathobionts including Salmonella enterica serovar Typhimurium, Shigella flexneri, Listeria monocytogenes, Enterococcus faecalis, and Mycobacterium tuberculosis (Benjamin et al., 2013; Castillo et al., 2012; Gutierrez et al., 2004; Huett et al., 2012; Manzanillo et al., 2013; Ogawa et al., 2005; Tattoli et al., 2012; Thurston et al., 2012) . Autophagy degrades intracellular bacteria and helps to restrict their replication. In this process, cytoplasmic bacteria are first marked for degradation primarily by ubiquitination (Deretic et al., 2013) . Recent studies have identified key roles for the E3 ligases LRSAM1 and PARKIN in recognition and ubiquitination of cytoplasmic bacteria; however, there are likely additional cellular E3 ligases that provide specificity to this pathway (Huett et al., 2012; Manzanillo et al., 2013) . Ubiquitinated bacteria are then recognized by the adaptor proteins p62, optineurin, and NDP52, leading to the recruitment of LC3 and the autophagy machinery (Cemma et al., 2011; Thurston et al., 2009; Wild et al., 2011) . The autophagy pathway targets only a subpopulation of bacteria within a cell, and little is known about the molecules involved in the selective recognition and targeting of bacteria for autophagosomal degradation, despite the important pathological consequences of this process.
In this study, we approached the question of the impact of the ATG16L1 T300A risk variant by searching for associated responsiveness quantitative trait loci (reQTLs), which are defined as the effects of genetic variation on transcriptional responses of cells (Barreiro et al., 2012) . Given that functionally similar genes are often transcriptionally coregulated, using multiple immune stimuli in genetically defined cell populations along with reQTLs has enabled the identification of differential effects on molecular circuits (Gat-Viks et al., 2013 ). In the current study, we perform stimulus-specific perturbational profiling in PBMCs, quantitative mass-spectrometry-based (MS) proteomics, and genome-wide RNA expression analysis to identify antibacterial genes that are functionally related to ATG16L1. Using these approaches, we demonstrate a role for CLEC12A in antibacterial autophagy and pinpoint a functionally relevant interaction node of CLEC12A with an E3 ligase complex that is important for this function.
RESULTS

Perturbational Profiling Reveals Genotype-Specific Transcriptional Responses
To identify molecules involved in the ATG16L1-T300A-dependent antibacterial autophagy pathway, we used perturbational profiling to measure differential gene regulation in the setting of stimulation with pathogen-associated molecular patterns and bacterial challenge. Given that mounting evidence indicates an important role for the involvement of host-microbiota interactions and bacterial defense pathways in Crohn's disease (Knights et al., 2013; Lassen et al., 2014; Murthy et al., 2014) , we examined cellular responses triggered upon exposure to various bacterial products. We selected a panel of three stimuli to perturb PBMCs from healthy individuals homozygous for the ancestral ATG16L1*300T allele or the *300A risk allele (rs2241880). The NOD2 ligand muramyl dipeptide (MDP) was selected based on the previous association of this stimulus with Crohn's-disease-specific pathways (Hugot et al., 2001; Inohara et al., 2003; Ogura et al., 2001) . MDP can also modulate signals mediated through TLR2 activation, a pathway that has been implicated in Crohn's disease and experimental colitis (Netea et al., 2004; Watanabe et al., 2008) . We therefore also used the TLR2 ligand Pam 3 Cys, as well as the bacterium Borrelia burgdorferi, from which these lipopeptides were initially isolated, to elicit both NOD2-dependent and -independent responses. Using microarrays to assess genome-wide RNA expression profiles, we found that baseline gene expression was similar between individuals harboring the non-risk and risk alleles. Furthermore, upon exposure to innate immune ligands, we observed strong genotype-independent induction of proinflammatory cytokines and chemokines after hierarchical clustering (Figures 1A and S1A) . To identify reQTLs (Barreiro et al., 2012) , we next used factorial design analysis to examine whether transcriptional responses to Pam 3 Cys, Borrelia, or MDP differed between groups stratified by the *300T non-risk and *300A risk alleles. Using multiple immune stimuli in genetically defined PBMCs along with reQTLs has enabled differential effects on molecular circuits to be determined (Gat-Viks et al., 2013) . Our analysis identified 20 ATG16L1*300A-dependent reQTLs under at least one stimulation condition (Figures 1B and S1B) . Thus, perturbational profiling of human immune cells revealed genotype-specific responses to stimulation.
Multiple T300A-Dependent Differentially Regulated Genes Are Required for Autophagy Pathways
We focused additional analysis on the autophagy pathway, the cellular degradation system that has been implicated in risk of Crohn's disease by GWASs, which identified predisposing alleles in ATG16L1 and IRGM (immunity-related GTPase family M) (Rioux et al., 2007) . We and others have reported that the ATG16L1 T300A polymorphism is associated with impaired antibacterial autophagy as well as altered production of cytokines by PBMCs in response to immune stimuli (Lassen et al., 2014; Murthy et al., 2014) . Additionally, TLR simulation, particularly through TLR2, has been shown to induce antibacterial autophagy (Anand et al., 2011; Delgado et al., 2008; Shin et al., 2010) . To determine whether any of the identified genes might be associated with autophagy, we generated protein interaction networks anchored on core autophagy proteins as well as autophagy-associated components previously identified from a high-confidence interaction network derived from a systems-wide autophagy proteomics study (Behrends et al., 2010) . Of the genes identified, RAB24 was previously reported to have a direct effect on autophagy (Behrends et al., 2010; Munafó and Colombo, 2002) , and three additional gene products (HCK, FEZ1, and FYN) interacted with the autophagy network via known protein-protein (G) HeLa GFP-LC3 cells were transfected with control siRNA, CLEC12A siRNA1, or CLEC12A siRNA2 as well as CLEC12A rescue constructs (R1 or R2) and infected for 1 hr with DsRed-labeled Salmonella. Data are shown as mean ± SD; n = 75 per condition. Data are representative of three independent experiments. (H) HeLa cells from (G) were lysed, and HA-CLEC12A expression levels were assessed by western blot. Data are representative of three independent experiments. See also Figure S1 . interactions ( Figure S1C ). These observations demonstrate that the ATG16L1 T300A polymorphism is associated with transcriptional modulation reflecting known protein-protein interactions with the autophagy network.
Given the previously described role for ATG16L1 and IRGM in antibacterial autophagy (Singh et al., 2006) , we next used siRNA to evaluate whether any of the identified ATG16L1*300A-dependent reQTLs affected antibacterial autophagy. Of the 20 genes identified, 13 had detectable expression in HeLa cells and were suppressed by single siRNAs ( Figure S1D ). Antibacterial autophagy was assessed in siRNA-treated cells using infection with S. Typhimurium, a model pathogen that is degraded by autophagy (Birmingham et al., 2006) . Knockdown of three of these genes (CLEC12A, RAB24, and EVI2B) resulted in significantly decreased Salmonella-autophagosome colocalization ( Figures 1C, 1D , and S1E).
We next tested whether RAB24, EVI2B, or CLEC12A play a role in classical autophagy using an LC3 flux assay, in which levels of lipidated LC3-II are compared to LC3-I by western blot. In this assay, an increase in the ratio of LC3-II to LC3-I corresponds to an increase in autophagic flux. Knockdown of RAB24 and EVI2 resulted in decreased LC3-II accumulation when cells were treated with Torin 1, an mTOR inhibitor and inducer of bulk autophagy, suggesting that these genes are involved in classical autophagy; knockdown of ATG16L1 served as a control in these experiments. Knockdown of CLEC12A did not impair LC3-II accumulation under these conditions, suggesting that CLEC12A functions specifically in antibacterial autophagy ( Figure 1E ) (Thoreen et al., 2009) . Additionally, to confirm that the antibacterial autophagy phenotype seen with CLEC12A knockdown was not due to off-target effects, we employed a knockdown rescue approach (Huett et al., 2012) by generating two siRNA-resistant constructs that express full-length CLEC12A during knockdown of endogenous gene expression ( Figure 1F ). The autophagy defect caused by siRNA against CLEC12A was rescued by overexpression of the appropriate CLEC12A construct (Figures 1G and 1H) , demonstrating that the decrease in antibacterial autophagy was specific to a reduction in CLEC12A expression and not due to off-target effects of siRNA. Additionally, siRNA targeting CLEC12A did not alter bacterial entry, suggesting the observed effect was specific to the autophagy pathway ( Figure S1F ).
CLEC12A
Knockdown and the ATG16L1 T300A SNP Act Additively to Impair LC3-Bacteria Colocalization Given our findings that immune cells harboring the ATG16L1*300A allele exhibited reduced induction of CLEC12A under immune stimulation conditions and that CLEC12A is required for efficient LC3-Salmonella colocalization (Figure 1 ), we next investigated whether a genetic interaction exists between the ATG16L1 T300A SNP and CLEC12A with respect to antibacterial autophagy. To investigate this hypothesis, we generated an ATG16L1 knockout (KO) HeLa cell line using the CRISPR-Cas9 system (Ran et al., 2013) . Loss of ATG16L1 expression was confirmed in single HeLa clones ( Figure S2A ). As expected, ATG16L1 KO cells were unable to convert LC3-I to LC3-II under basal or stimulatory conditions ( Figure S2B ) and had negligible LC3-bacteria colocalization (Figure 2 ). To determine the effect of the T300A coding polymorphism, we stably transduced ATG16L1 KO cells with *300T (ATG16L1 KO + ATG16L1*300T) or *300A (ATG16L1 KO + ATG16L1*300A) alleles, achieving equivalent expression levels of ATG16L1 in these lines ( Figure S2A ). As expected, we found that basal autophagy was restored in both ATG16L1 KO + ATG16L1*300T and ATG16L1 KO + ATG16L1*300A cell lines, with modest impairment of antibacterial autophagy in the ATG16L1 KO + ATG16L1*300A cells, consistent with published findings (Figure 2 ) (Conway et al., 2013; Lassen et al., 2014; Murthy et al., 2014) . Targeting Figure S3A ), and targeting antigen to CLEC12A results in enhanced antigen presentation on dendritic cells in mice (Lahoud et al., 2009; Marshall et al., 2006) . Recent studies have demonstrated that CLEC12A binds to uric acid crystals and helps to dampen inflammation through its ITIM motifs; however, it remains unclear whether this is the only ligand for CLEC12A (Neumann et al., 2014) . To determine whether CLEC12A plays a role in pathogen defense in vivo, we used Clec12a À/À mice. Bone-marrow-derived macrophages (BMDMs) from WT or Clec12a À/À mice were infected with a strain of Listeria (EGDe) known to be susceptible to autophagy in primary macrophages (Anand et al., 2011; Birmingham et al., 2007; Huett et al., 2012) . Consistent with the Salmonella infection results in siRNA-treated cells, Clec12a
BMDMs displayed lower levels of bacterial colocalization with LC3 compared with WT BMDMs (Figures 3A and 3B ). Additionally, Clec12a À/À BMDMs did not show differences in Torin-1-induced autophagy, suggesting that bulk autophagy is normal in these cells ( Figure S3B ). Taken together, these data suggest that CLEC12A functions selectively in the antibacterial autophagy pathway for multiple pathogens in both mouse and human cells. We next investigated whether CLEC12A plays a role during infection with intracellular pathogens in vivo. WT or Clec12a À/À mice were pre-treated with streptomycin and then infected with Salmonella (Conway et al., 2013) . Four days post-infection, stool was collected from infected mice and colony-forming units (cfus) were measured. Clec12a À/À mice had significantly higher cfu levels compared to WT mice ( Figure 3C ). Clec12a À/À mice also exhibited increased systemic bacterial dissemination as assessed by measuring cfus in spleens ( Figure 3D ). This increase in cfu was associated with a more-severe clinical disease score as assessed by overall appearance, piloerection, mobility, and posture ( Figure 3E ), as well as decreased survival ( Figure 3F ). Taken together, these data suggest that CLEC12A plays a role in intracellular microbial defense both in vitro and in vivo.
CLEC12A Associates with Bacteria Early after Entry into Host Cells and Restricts Intracellular Bacterial Replication
To further demonstrate the precise role for CLEC12A in antibacterial autophagy, we next tested whether knockdown of CLEC12A altered intracellular bacterial replication. Using knockdown of ATG16L1 as a positive control, we found that knockdown of CLEC12A in HeLa cells resulted in significantly increased intracellular replication of Salmonella ( Figure 4A ), demonstrating that CLEC12A is required for restriction of intracellular bacterial replication. Next, we determined whether CLEC12A localizes to bacteria within cells. GFP-CLEC12A ( Figures 4B and 4C ) and endogenous CLEC12A ( Figure S4A ) were predominantly membrane associated and could be found surrounding intracellular DsRed-labeled Salmonella at both early and late time points after infection. Association of CLEC12A with Salmonella peaked at 30 min post-infection and declined gradually, whereas LC3-Salmonella colocalization peaked 60 min after infection, consistent with previous data ( Figure 4B ) (Huett et al., 2012) . Live cell imaging confirmed that GFP-CLEC12A surrounds bacteria and then dissociates at approximately 1 hr post-infection ( Figure S4B ), consistent with the time course of peak LC3 colocalization. Given the early association of CLEC12A with bacteria, we next determined whether CLEC12A was present at sites of bacterial entry into the host cell. We found that GFP-CLEC12A colocalized with bacteria and ruffled actin, an indicator of recent bacterial entry, suggesting that CLEC12A associates with bacteria concomitant with bacterial cellular entry ( Figure S4C ) (Lhocine et al., 2015) .
CLEC12A Colocalizes with Autophagosome Proteins
Next, we investigated whether CLEC12A colocalizes with markers of antibacterial autophagy. We confirmed that CLEC12A colocalizes with Salmonella and Rab5, a marker of early endosomes ( Figure S5A ). However, CLEC12A recruitment was also readily detected around Salmonella without colocalization of Rab5, suggesting that CLEC12A is not exclusively associated with endosomes ( Figure S5A ). Next, we evaluated the colocalization of CLEC12A with galectin 3 and galectin 8, which are both known to bind to sites of bacterial-induced intracellular membrane damage as well as sites of sterile membrane damage (Thurston et al., 2012) . CLEC12A colocalized with both galectin 3-and galectin 8-Salmonella complexes ( Figure 5A ). These data confirm that CLEC12A associates with bacteria early after infection concomitant with membrane damage.
CLEC12A also colocalized with the antibacterial autophagy adaptor NDP52 ( Figure 5B ) as well as the autophagosome proteins GFP-LC3, the ATG8 homolog GABARAPL2, and ATG16L1 ( Figures 5C and 5D ). In all cases, these proteins surrounded intracellular bacteria in conjunction with either endogenous CLEC12A or GFP-CLEC12A ( Figures 5B-5D ). Of note, expression of GFP-CLEC12A gave a more-intense fluorescent signal and demonstrated increased levels of CLEC12A puncta within the cells, regardless of stimulation or bacterial infection. Physical interactions between CLEC12A and LC3, GABARAPL2, and ATG16L1 were also confirmed by co-immunoprecipitation ( Figure S5B) . No difference was observed in CLEC12A binding to ATG16L1*300T compared to *300A.
Next, we investigated the importance of CLEC12A to early stages in bacterial targeting. We first determined whether knockdown of CLEC12A altered recruitment of ubiquitin to bacteria. At 1 hr post-infection, siRNA knockdown of CLEC12A significantly reduced Salmonella-ubiquitin colocalization (Figures 5E and 5F). Consistent with this observation, recruitment of NDP52 to Salmonella was also decreased upon siRNA knockdown of CLEC12A (Figures 5G and 5H) . Colocalization of Salmonella with galectin 3, galectin, 8, and p62 were unchanged in cells treated with CLEC12A siRNA (Figures S5C-S5E ). These data reveal CLEC12A as an early bacteria-associated factor that binds to the autophagy machinery and helps initiate antibacterial autophagy through the ubiquitin-NDP52 pathway.
Recently, CLEC12A has been shown to be a receptor for dead cells (Neumann et al., 2014) . We hypothesized that CLEC12A could also recognize sites of membrane damage triggered by vacuolar disruption after bacterial entry (Tattoli et al., 2012; Thurston et al., 2012) . To test this hypothesis, we triggered osmotic damage of endosomes in cells expressing GFP-CLEC12A. Galectin 3 served as a marker of damaged endosomes (Thurston et al., 2012) . GFP-CLEC12A colocalized with galectin 3 puncta after hypertonic shock and treatment with polyethylene glycol (PEG) ( Figure 5I ). These results demonstrate that CLEC12A is recruited to sites of membrane damage and could explain the high proportion of CLEC12A recruitment early after bacterial entry.
Integrated 'Omics Analysis Identifies KLHL9, KLHL13, and NEDD8 as CLEC12A-Interacting Antibacterial Autophagy Molecules To develop a more-integrated model of CLEC12A function in pathogen response, we utilized time course RNA-seq data and targeted quantitative proteomics to pinpoint CLEC12A-dependent protein interactions that may be important for pathogen response. First, we employed 3 0 RNA-seq to quantify the transcriptome of Listeria-infected WT or Clec12a À/À BMDMs at various times post-infection. Using this approach, we identified genes with statistically significant differences (FDR-adjusted q value % 0.05) in fold-change response to Listeria infection between WT and Clec12a À/À BMDMs at any time point post-infection ( Figure 6A ). Of note, expression of LAMP1, a lysosomal membrane protein and marker of Salmonella-containing vacuoles, was significantly downregulated in Clec12a À/À BMDMs, suggesting endomembrane dynamics might be perturbed in these cells. We next performed clustering and pathway analysis using an expanded list of 674 nominally significant genes that were differentially regulated in Clec12a À/À BMDMs at baseline as well as in response to Listeria. Genes were grouped into ten clusters using Short Time-series Expression Miner (STEM), where each cluster represents one of the predefined model profiles in STEM that capture potential distinct patterns of infection response ( Figure 6B ; Table S1 ) (Ernst and Bar-Joseph, 2006) . Differences in these model profiles represent distinct regulation patterns of gene expression. Gene ontology enrichment analysis was applied to assess the functional significance of each cluster of genes. The top scoring pathway that was differentially regulated in Clec12a À/À BMDMs was the negative regulation of the intracellular signal transduction pathway that includes key signaling components such as Ndufs3, Tmem161a, and Mapkapk5, among others (cluster 2; Table S1 ). Additionally, antifungal response genes (S100a9, Myd88, and Ptx3; cluster 6) were also differentially regulated in the Clec12a À/À BMDMs. Selective upregulation of glucose transport (Ppbp and Sorbs1; cluster 7) but downregulation of lipid transport (Scarb1, Slmo1, and Soat2; cluster 5) in Clec12a À/À cells suggested preferential regulation of metabolism by CLEC12A in response to Listeria infection. These results highlight the central role of CLEC12A in pathogen-induced defense pathways and suggest how deficiencies in CLEC12A could result in impaired bacterial defense. Next, we sought to identify important transcriptional nodes that control these responses by integrating known transcription factor-DNA interaction data with our temporal gene expression profiles of infected WT and Clec12a À/À BMDMs into a unified model.
To identify important regulation points in the CLEC12A pathway, we used Dynamic Regulatory Events Miner (DREM), which searches for CLEC12A-dependent bifurcation events, defined by a transition in which a set of genes that were previously coregulated instead show divergent response/regulation profiles (Figure S6A) (Schulz et al., 2012) . Based on an extension of a hidden Markov model, the analysis identified EGR1, a transcription factor involved in transcriptional response to pathogens (de Grado et al., 2001; McDermott et al., 2011) , as the earliest stage regulator that induces CLEC12A-dependent downregulation of specific genes ( Figure S6A ). Interestingly, EGR1 is also known to be induced by either amino acid deprivation or ER stress, which are both stimuli known to trigger autophagy (Shan et al., 2014) . These data suggest that reduced expression of EGR1 target genes could contribute to the reduced pathogen response and autophagic targeting of bacteria in Clec12a À/À BMDMs. Other notable transcriptional regulators identified in our analysis that are known to be important for pathogen response include RELA, NFE2, HIF1A, and ARNT2. Taken together, this analysis suggests that deletion of Clec12a results in an alteration of the response to pathogens at the transcriptional level and identifies key regulators involved in this response.
To further understand the role of CLEC12A in antibacterial autophagy, we next applied an integrated systems approach using quantitative MS-based proteomics and coupled these results with our transcriptomic profiling analysis to uncover functional CLEC12A interactions relevant to bacterial defense ( Figure 6C ). Proteomic interactors were defined as those that demonstrated significantly increased binding to FLAG-CLEC12A relative to FLAG vector alone after immunoprecipitation (Table S2) . Interactome analysis identified highly connected nodes within the CLEC12A interactors ( Figure S6B ). A specific interaction between CLEC12A and LC3 or ATG16L1 was not identified by MS-based proteomics; however, this may reflect the fact that a meaningful interaction between these proteins occurs only under stimulation and represents a fraction of the total cellular pool of these proteins. To identify CLEC12A protein interactions that may lead to the measured transcriptomic changes in response to bacterial infection, we used a network optimization approach
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Merge Salmonella (legend continued on next page) to identify high-probability sub-networks, composed of signaling and transcriptional factor interaction cascades ( Figure 6C ) (Basha et al., 2013) . We then used a hypergeometric test to rank order CLEC12A-interacting proteins with the most significantly enriched set of target genes within the network to identify relevant functional nodes (Table S3) . Some of the key transcriptional regulators identified in these sub-networks overlapped with those identified by DREM analysis, including RELA, TP53, HIF1A, and EGR1. This analysis pinpointed the ubiquitin-like protein, NEDD8 (neural precursor cell expressed, developmentally downregulated 8), as both a CLEC12A interactor and a regulator of EGR1. These results suggest that the interaction between CLEC12A and NEDD8 is a functional interaction and contributes to an early CLEC12A-dependent transcriptional response. This integrated approach also linked an E3 ubiquitin ligase complex that includes CUL3 (cullin 3) and the substrate adapters KLHL9 (kelch-like family member 9) and KLHL13 (kelch-like family member 13) to CLEC12A-dependent transcriptional responses controlled by the transcription factors CEBPB and CEBPD (Table  S3) (Chen et al., 2014) . Importantly, proteomic interactome analysis demonstrated a physical interaction between NEDD8, KLHL13, CUL3, and KLHL9, indicating that this is a functional E3 ligase complex that interacts with CLEC12A ( Figure 6D ).
NEDD8 is a target of some cycle-inhibiting factors (Cifs), which are virulence factors produced by bacterial pathogens that alter the host cell cycle (Crow et al., 2012; Jubelin et al., 2010) . Cif can associate directly with NEDD8-modified cullin-RING complexes and inhibit their activity (Crow et al., 2012; Jubelin et al., 2010) . These results suggest that these E3 complexes could function to restrict bacterial replication. We therefore investigated (I) Representative confocal micrographs of HeLa cells expressing GFP-CLEC12A. Cells were untreated or exposed to hypertonic media containing PEG 1000, followed by hypotonic shock. All scale bars represent 10 mm. See also Figure S5 . See also Figure S6 and Tables S1, S2, and S3. whether CUL3, NEDD8, KLHL9, and KLHL13 had roles in antibacterial autophagy similar to CLEC12A (Huett et al., 2012; Manzanillo et al., 2013) . Upon siRNA knockdown in HeLa cells, KLHL9, KLHL13, and NEDD8 had a dramatic effect on both LC3-Salmonella colocalization and bacterial replication, consistent with a role for these proteins in antibacterial autophagy (Figures 6E and 6F) .
DISCUSSION
Human genetics provides a powerful tool to identify and understand physiologically relevant host responses to pathogens given that host-pathogen interactions are known to have a role in many complex diseases. Gene-gene interactions and environmentgene interactions add to the complexity of identifying causal genes and variants from GWAS data, as well as determining how these variants affect pathogenesis. Pathway-specific perturbational profiling and integrated systems approaches have previously been used in genetically defined organisms to identify genetic nodes of regulation underlying disease (Gagneur et al., 2013; Gat-Viks et al., 2013; Smith and Kruglyak, 2008; Zhang et al., 2013) . Using this strategy, we uncovered bacteria-and bacterial-ligand-specific programs affected in healthy individuals homozygous for the T300A polymorphism in the autophagy gene ATG16L1. Interestingly, 15% of the T300A-dependent response genes were found to play a role in autophagy pathways, highlighting important SNP-pathway interactions. Our network analysis identified the CLR family member CLEC12A as a gene that is less responsive upon TLR2 or bacterial stimulation in individuals carrying the ATG16L1 *300A SNP. Pursuing the functional implication of this SNP-environment interaction, we identified a role for CLEC12A in antibacterial autophagy and demonstrated that CLEC12A controls microbial replication in vitro and in vivo. Using cells engineered to express the Crohn's disease non-risk or risk allele of ATG16L1, we interrogated the SNP-gene interaction with CLEC12A to demonstrate an exacerbated effect on antibacterial autophagy in the setting of the disease-associated SNP. Importantly, knockdown of CLEC12A altered both ubiquitin-Salmonella colocalization and NDP52-Salmonella colocalization. These findings are consistent with CLEC12A functioning at an early step in the antibacterial autophagy pathway at the level of pathogen recognition caused by membrane damage, with ATG16L1 functioning downstream at the level of autophagosome formation. These data suggest a model in which individuals who carry the *300A risk allele have reduced CLEC12A responsiveness that serves to compound defects in antibacterial autophagy. These results highlight how non-redundant genes in the same pathway can be identified through ligand-specific transcriptional regulation.
CLRs are a large family of pattern recognition receptors, many of which are important signaling mediators in antimicrobial defense (Drummond and Brown, 2013) . CLEC12A was recently shown to be a receptor for uric acid crystals and dead cells (Neumann et al., 2014) , and we extend this finding to demonstrate that CLEC12A also recognizes sites of intracellular membrane damage triggered by bacterial entry (Tattoli et al., 2012; Thurston et al., 2012) . Additionally, we show that CLEC12A likely serves as an adaptor to help recruit ubiquitin and NDP52 to sites of vacuolar damage caused by bacteria and thus induce antibacterial autophagy. These data suggest parallels between the functions of galectins and CLRs as early sensors of damage in selective autophagy pathways. Additionally, a dendritic cell CLR, DNGR-1, regulates endocytic handling of necrotic cell antigens to modulate cross-priming, suggesting that CLRs could function broadly in the selection of endocytic cargo (Zelenay et al., 2012) . Recent data also indicate a role for another CLR, CLEC16A, in mitophagy, indicating that these lectins can function broadly to control target selectivity in autophagy (Soleimanpour et al., 2014) .
Here, we integrated time course RNA-seq data and quantitative proteomics to identify relevant CLEC12A-dependent protein interactions that are involved in antibacterial autophagy. We identified an E3 ligase complex including KLHL9, NEDD8, and KLHL13 that interacts with CLEC12A and is required for antibacterial autophagy. Transcriptomic data suggested that the association of CLEC12A with this E3 ligase complex is important for the CLEC12A-dependent response to bacterial infection. Virulence factors produced by some bacteria are known to directly target neddylated cullin-associated ubiquitin ligase activity, suggesting that these proteins might be broadly involved in inhibiting bacterial pathogenesis (Jubelin et al., 2010) . Additionally, KLHL9 has been previously associated with early onset autosomal dominant distal myopathy, a disease in which alterations to the autophagy pathway are thought to contribute to pathophysiology (Cirak et al., 2010) . Taken together, these data identify a role for the recently evolved substrate adapters KLHL9 and KLHL13 as well as NEDD8 in the restriction of bacterial infection.
Previous studies have suggested roles for the E3 ligases SMURF1, LRSAM1, and PARKIN in pathogen-specific autophagy (Huett et al., 2012; Manzanillo et al., 2013; Orvedahl et al., 2011) . Recent studies have also highlighted roles for other E3 ubiquitin ligases in the control of bulk autophagy. These include a role for RNF5 in regulating the levels of ATG4B (Kuang et al., 2012) , a role for Cullin-5 and Cullin-4 in autophagy regulation through AMBRA1 (Antonioli et al., 2014) , and a role for RNF216 in autophagy regulation through Beclin1 (Xu et al., 2014) . Additionally, several members of the TRIM family of proteins can act as a platform for assembly of the autophagy machinery (Mandell et al., 2014) . Expression of RNF5 and RNF216 were also shown to increase pathogen susceptibility through autophagy (Kuang et al., 2012; Xu et al., 2014) . Taken together with our data, these findings demonstrate that E3 ubiquitin ligases play an important role in regulating autophagy at different stages of the pathway. Specifically, E3 ubiquitin ligases create selectivity in autophagy regulation by recognizing and integrating specific signals from pathogens and cellular states. Utilizing E3 ligases to tightly control the response to pathogens is likely a highly conserved mechanism of innate defense (Pollier et al., 2013) .
Here, we use integrated genomics to demonstrate a role for CLEC12A in antibacterial autophagy and identify an E3 ligase complex that provides insight into the selectivity of pathogen degradation. Our in vivo results highlight a strong role for CLEC12A in the restriction of microbial replication. It is possible given this dramatic effect that CLEC12A functions not only in antibacterial autophagy but in other pathogen defense pathways as well. This study highlights how perturbational profiling can be used to study pathways underlying immunity and pathogen defense and illustrates the potential of combining whole-genome experimental data sets to understand functional gene interactions within a relevant pathway.
EXPERIMENTAL PROCEDURES
Isolation of PBMCs and Perturbation
For perturbational profiling, blood was collected after written informed consent (or waiver as approved by the institutional review board) from healthy volunteers at Radboud University Nijmegen Medical Centre (RUNMC). The study was approved by the institutional review boards and was performed in accordance with the Declaration of Helsinki. Separation and stimulation of PBMCs from healthy individuals was performed as described previously (Netea et al., 2004) . Microarray hybridization and genotyping of volunteers was performed as previously described (Smeekens et al., 2013) . Factorial design analysis was performed as described previously (Cadwell et al., 2010) . See the Supplemental Experimental Procedures for further details.
Antibacterial Autophagy Assays S. Typhimurium infections of HeLa cells and gentamicin protection assays were performed as previously described (Huett et al., 2012) . For entry assays, cells were infected for 20 min, washed, fixed in 4% paraformaldehyde for 15 min at room temperature, and stained as described below. For antibacterial autophagy assays in siRNA-treated cells, RNAi knockdown for 48 hr was performed as described above on HeLa cells plated on glass coverslips and infected as above. Infections of BMDMs with Listeria were performed with strain EGDe. See the Supplemental Experimental Procedures for further details.
Classical Autophagy Assay
Autophagy was induced in HeLa cells by treatment for 4 hr with 100 nM Torin-1, 10 mg ml À1 of E64d-Pepstatin A (Sigma-Aldrich), or mock treatment with DMSO. Cells were treated with siRNA for 48 hr as described above and then autophagy was induced followed by cell lysis (25 mM Tris [pH 7.5], 0.5% NP-40, 150 mM NaCl, and protease inhibitors [Roche] ). Western blotting to demonstrate LC3 lipidation was performed after equalization of protein amounts and SDS-PAGE on an AnyKD polyacrylamide gel (BioRad). Following transfer to Immobilon-P membranes (Millipore), detection was performed using rabbit anti-LC3 primary (Sigma-Aldrich), mouse antiactin (Sigma-Aldrich), and appropriate fluorescent secondary antibodies (LI-COR Biosciences) as previously described.
Gentamicin Protection Assay
Bacterial survival assays were performed as previously described (Huett et al., 2012; Lassen et al., 2014) . See the Supplemental Experimental Procedures for further details.
CRISPR ATG16L1 Knockout and Complementation
The second exon of ATG16L1 was targeted in HeLa cells using the px330 plasmid CRISPR system as described (Ran et al., 2013) . See the Supplemental Experimental Procedures for further details.
In Vivo Salmonella Infection Mice were maintained in specific-pathogen-free facilities at Massachusetts General Hospital. All animal studies were conducted under protocols approved by the Subcommittee on Research Animal Care (SRAC) at Massachusetts General Hospital. Mice were born at Mendelian ratios. Protocols for bacterial growth and infection were performed as previously described, with slight modification (Barthel et al., 2003; Conway et al., 2013) . See the Supplemental Experimental Procedures for further details.
Quantitative Proteomics
Quantitative proteomics using iTRAQ labeling of peptides was performed as described previously (Lassen et al., 2014; Mertins et al., 2014) . See the Supplemental Experimental Procedures for further details.
Osmotic Stress Assay
HeLa cells were reverse-transfected with plasmid expressing GFP-CLEC12A on glass coverslips in 12-well plates the night before the assay. Osmotic lysis of endosomes was accomplished by exposing cells to hypertonic medium (0.5 M sucrose in PBS with 10% PEG100) for 10 min. Cells were washed twice with 13 PBS and then incubated in 60% PBS for 3 min as described previously (Thurston et al., 2012) . Cells were returned to complete medium for 20 min and then fixed with ice-cold methanol.
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Supplemental Experimental Procedures
Isolation of PBMCs and Perturbation
Separation and stimulation of PBMCs from healthy control individuals was performed as described previously. Briefly, the PBMC fraction was obtained by density centrifugation of diluted blood (1 part blood to 1 part pyrogen-free saline) over Ficoll-Paque (Pharmacia Biotech).
PBMCs were washed twice in saline and suspended in RPMI. The cells were counted and their number adjusted to 5 x 10 6 ml -1 . Cells were stimulated for 24 h with RPMI alone, or RPMI containing heat-killed Borrelia burgdorferi (10 7 microorganisms ml -1 ), concentrated muramyl dipeptide (10 μg ml -1 , Sigma), or concentrated Pam3Cys (10 μg ml -1 , Sigma). RNA was extracted using Qiagen RNeasy kit.
Microarray hybridization and genotyping of volunteers was performed as previously described (Smeekens et al., 2013) . Global gene expression was profiled using Illumina Human HT-12 Expression BeadChip according to the manufacturer's instructions. Image analysis, beadlevel processing, and quantile normalization of array data were performed using the Illumina LIMS platform, BeadStudio. Data analysis was performed in R programming language, utilizing functions from Linear Models for Microarray Data (Smyth, 2004) to identify differentially expressed genes. Factorial design analysis was performed as described previously (Cadwell et al., 2010) . Briefly, linear models were fitted with a coefficient for each of the various factor combinations and then simultaneously extracted contrasts for the respective comparisons. This analysis examined differences in responses to infection or stimuli, stratified by ATG16L1 T300A polymorphism status. P values were adjusted to control the false discovery rate in multiple testing using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995) .
Cell Culture and siRNA Knockdown
HeLa and HEK293T cells were obtained from ATCC and grown in Iscove's modified Dulbecco's Medium (IMDM) supplemented with GlutaMAX (Life Technologies), 10% fetal calf serum, and 20 μg ml -1 gentamicin. HeLa cells stably expressing LC3-GFP have been described previously (Rioux et al., 2007) . Cell cultures were routinely tested for Mycoplasma infection every 6 months. HeLa cells were plated in 12-well plates at a density of 6 x 10 4 cells per well in IMDM (Gibco) the day before transfection. For siRNA knockdown, 20 pmol modified RNA (Stealth RNAi, Life Technologies) was added using RNAiMax Lipofectamine (Life Technologies) according to the manufacturer's instructions. siRNA knockdown validation and autophagy assays were performed 48 h post transfection. To validate knockdown, RNA was harvested using RNeasy (Qiagen) and cDNA generated using iScript Synthesis kit (Bio-Rad).
Quantitative PCR was performed using SYBR Green Supermix (Bio-Rad) with 40 ng of cDNA and sequence-specific primers with expression levels normalized to GAPDH levels.
Antibacterial Autophagy Assays
S. Typhimurium infections of HeLa cells and gentamicin protection assays were performed as previously described (Huett et al., 2012 chosen, all cells in that field were scored and then a new field was selected at random. This was continued until 75-90 cells were scored. Bacteria were scored as being within autophagosomes only when a complete and closely conforming LC3-GFP "capsule" was visible. Significance was assessed using a two-tailed, unequal variance Student's t test.
Live Cell Imaging
HeLa cells were plated on chambered coverslips and transfected the next day with GFP-CLEC12A. Cell were infected and washed as described above and imaged on a Nikon Ti-E inverted microscope equipped with a CSU-X1 confocal spinning-disk head (Yokogawa) for live cell microscopy. A Coherent 4 W continuous-wave laser (Coherent) excited the sample (488 nm, 514 nm, 568 nm, and 647 nm). A high-magnification, high-numerical aperture objective (Nikon, 100x, 1.49 numerical aperture, oil immersion) was used. Images were obtained using an ORCA-ER CCD (C4742-80, Hamamatsu) or EM-CCD camera (C9100-13, Hamamatsu). Image acquisition was conducted using MetaMorph software (Molecular Devices). A custom-built temperature-regulated environmental chamber (In Vivo Scientific) was used to maintain a constant temperature of 37°C with 5% CO 2 to ensure cell viability for long periods of image acquisition.
Gentamicin Protection Assay
Bacterial survival assays were performed as previously described (Lassen et al., 2014 
CLEC12A Knockdown Rescue
A modified Phusion mutagenesis was used to generate mutations. Briefly, nonoverlapping 5′ abutting primers containing desired mutations were designed according to the manufacturer's instructions and PCR performed using the Phusion enzyme to generate mutated DNA. PCR reactions were subjected to DpnI digestion, then 1/10 of the reaction was used in a standard ligation reaction, to which both T4 ligase and T4 poly-nucleotide kinase were added.
Resulting plasmids were sequence-verified and transfected in HeLa LC3-GFP alongside CLEC12A siRNA and autophagy assays performed as described above.
Fluorescent Microscopy
Following completion of experimental treatments, all cells were washed twice in PBS before being fixed and permeabilized with methanol at -20°C for 3 min followed by PBS wash.
Coverslips were stained with appropriate primary antibodies in PBS + 10% donkey serum for 1 h at room temperature, washed three times with PBS, then stained with appropriate secondary antibodies in PBS with 10% serum for 1 h. Coverslips were then stained with Hoechst 33342, washed three times in PBS, and mounted on slides. Visualization was performed as described above.
Co-Immunoprecipitation Experiments
The autophagy protein fusions HA-LC3, HA-GABARAPL2, and HA-ATG16L1 (*300T and *300A) were constructed by inserting the required cDNA downstream and in-frame with HA in a modified version of pCMV-HA (Clontech). FLAG-tagged CLEC12A was constructed by inserting the required cDNA downstream and in-frame with FLAG in a modified version of pCMV-FLAG (Clontech). For co-immunoprecipitation experiments, HEK293T cells were plated in 12-well plates at a density of 1 x 10 6 in IMDM and transfected with 250 µg of target protein DNA or empty vector. After 24 h cells were lysed as above and incubated with anti-FLAG M2 agarose beads (Sigma) for 4 h. Beads were washed three times with lysis buffer and then protein eluted by boiling for 5 min in 2X Laemmli loading buffer. Western blots were performed as described above.
CRISPR ATG16L1 Knockout and Complementation
The second exon of ATG16L1 was targeted in HeLa cells using the px330 plasmid CRISPR system as described (Ran et al., 2013) . Briefly, 20-nucleotide guide sequences complementary to exon 2 of ATG16L1 were cloned into px330 as described. The Cas9 vector containing ATG16L1-specific sgRNA sequence was then used to transfect HeLa cells using FuGENE (Roche) according to the manufacturer's instructions. 48 h post transfection, cells were plated in limiting dilution in 96-well plates to isolate single clones. To confirm complete ATG16L1 knockout, DNA was extracted using DNeasy (Qiagen) and ATG16L1 exon 2 was PCR-amplified and sequenced to identify clones with frameshift mutations in all loci. For complementation assays, ATG16L1*300T or ATG16L1*300A cDNA was inserted into a modified CSGW lentiviral vector and co-transfected into HEK293T cells with a VSV-G expression plasmid and gag-pol expression plasmid. After 48 h, media containing lentivirus was harvested and used to infect ATG16L1 KO HeLa cells. After 24 h, 3 µg ml -1 blasticidin was added and resistant cells used for experiments.
In vivo Salmonella infection
Mice were maintained in specific-pathogen-free facilities at Massachusetts General Hospital (Boston, MA). All animal studies were conducted under protocols approved by the Subcommittee on Research Animal Care (SRAC) at Massachusetts General Hospital. Clec12a
-/-mice were obtained from the laboratory of Gordon Brown at the University of Aberdeen (manuscript in preparation). Protocols for bacterial growth and infection were performed as previously described, with slight modification (Barthel et al., 2003; Conway et al., 2013) . The naturally streptomycin resistant Salmonella enterica serovar Typhimurium SL1344 were grown for overnight at 37°C in LB broth supplemented with ampicillin (50 μg ml -1 ) and subsequently diluted 1:100 and cultured under mild aeration for 3 h. Bacteria were washed twice in cold PBS and resuspended at 10 8 CFU per 200 μL. The S. Typhimurium strain used in this study has been engineered to express GFP and is ampicillin resistant (Conway et al., 2013) .
Water and food were withdrawn 4 hours prior to treatment with 20 mg streptomycin in 200 μL;
immediately following streptomycin treatment, water and food were again provided. Twenty hours later, water and food were again removed for 4 h, after which mice were infected with 10 8 CFU S. Typhimurium. Water was resumed immediately and food was provided 2 h postinfection. Mice were sacrificed via CO 2 asphyxiation at indicated time points and tissues were harvested for RNA extraction and bacterial translocation/CFU.
For clinical scoring, the following parameters were assessed: piloerection (0-2), mobility (0-3), posture (0-3), and overall impression (0-4), for a maximum score of 12. Dead mice were assigned a maximum score. Mice were scored by two independent observers.
Antibodies
The following antibodies were used: mouse anti-FLAG antibody clone M2 (Sigma); 
Quantitative Proteomics
Quantitative proteomics using iTRAQ labeling of peptides was performed as described previously (Lassen et al., 2014; Mertins et al., 2014) . Briefly, HEK293T cells were transfected in 10-cm dishes with empty FLAG vector or CLEC12A-FLAG vector. Cells were lysed in buffer containing 1% Nonidet P-40. Approximately 10 mg of total protein from each sample were immunoprecipitated with anti-FLAG magnetic beads (M2, Sigma). Immunoprecipitated eluates were denatured on beads with 2 M urea/50 mM Trizma and then predigested with sequencinggrade modified trypsin (V5113; Promega) in an enzyme-to-substrate ratio of 1:50 for 30 min at room temperature with shaking. Supernatants were reduced for 45 min with 5 mM DTT (no.20291; Thermo Scientific) and then treated with 10 mM iodoacetamide for 45 min. Samples were digested overnight at room temperature with trypsin in a 1:50 enzyme-to-substrate ratio.
Trifluoroacetic acid was added to a final concentration of 1%. Tryptic peptides were desalted on reversed phase tC18 SepPak columns (WAT036790; Waters), and eluted peptide samples were evaporated and analyzed by liquid chromatography and tandem MS analysis. Interactome analysis was performed using the STRING database (Franceschini et al., 2013) .
RNA-seq and Data Integration
BMDMs from WT and Clec12a −/− mice were infected in triplicate wells as described above with an MOI of 10:1 for Listeria and Salmonella. RNA was extracted using Dynabeads mRNA direct kit (Ambion). mRNA was reverse transcribed (qScript Supermix, VWR) and digital gene expression by 3′ RNA-seq was performed as previously described (Love et al., 2014) . Raw read counts per gene from 3′ RNA-seq were normalized by total million reads per sample (counts per million). Genes with zero counts across the whole experiment were removed from analysis. Differentially expressed genes between genotypes were identified using the R package DESeq2 (Love et al., 2014) . Genes with statistically significant differences (FDR adjusted q-value ≤ 0.05) in expression fold-change response to Salmonella or Listeria, between WT and Clec12a −/− cells at any time point post infection, were selected as differentially regulated genes. To identify which of these significantly differentially expressed genes might be regulated by proteins identified from CLEC12A proteomics analysis, we integrated the proteomics data with transcriptomics data using ResponseNet (Basha et al., 2013) . Briefly, ResponseNet uses linear programming to solve a minimum-cost flow optimization problem that identifies a sparse high-probability molecular interaction subnetwork by which the input source proteins may lead to the altered transcription of input target genes. Additionally, we used a hypergeometric test to rank order CLEC12A-interacting proteins with the most significantly enriched set of target genes within the network.
